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SUMMARY 

An  AC  excited  self-balancing  instrument  for  measuring  low  level  strain  gauge  trans¬ 
ducer  outputs  is  described.  The  design  of  a  specific  circuit  optimised  for  use  with  small  wind 
tunnel  force  balances  is  presented  along  with  sufficient  information  to  facilitate  circuit 
optimisation  for  other  applications. 

The  instrument  is  intended  for  applications  where  the  bridge  output  voltage  is  below 
the  level  that  can  be  conveniently  handled  by  conventional  DC  amplifier  systems.  Tests 
on  a  prototype  instrument  showed  an  input  noise  in  a  0-  /  Hz  to  0  1  Hz  bandwidth  of 
4  nV  RMS,  a  zero  drift  of  less  than  0-1  fiV  per  day  and  negligible  sensitivity  drifts. 
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1.  INTRODUCTION 


Force  transducers  employing  electrical  resistance  strain  gauges  bonded  to  metal  structures 
have  been  widely  used  for  many  years.  For  high  accuracy  applications  it  is  virtually  universal 
practice  to  use  metal  foil  gauges  in  a  full  bridge  configuration. 

Under  carefully  controlled  conditions  force  transducers  of  this  type  have  achieved  a  pre¬ 
cision  of  0-5  •  10" 6  in  mass  comparisons  [Ref.  I].  They  are  also  widely  used  as  secondary 
force  standards  and  in  this  application  precision  levels  rivaling  that  of  the  primary  force  standard 
(2  '  10“ 5)  are  achieved  [Ref.  2]. 

In  wind  tunnels,  multi-component  strain  gauge  balances  are  widely  used  to  measure  loads 
on  models  and  parts  of  models.  Precision  levels  between  10  •'  and  10  4  are  required  and  achieved 
with  varying  degrees  of  difficulty  [Ref.  3],  The  accuracy  of  wind  tunnel  force  measurements  is 
limited  primarily  by  the  geometrical  constraints  on  the  force  transducers  and  secondarily  by 
the  non-ideal  operating  environment  of  the  transducers  and  output  processing  electronics. 
Many  different  types  of  readout  electronics  have  been  used  in  wind  tunnels  over  the  years 
[Ref.  3-6],  Although  never  employed  in  a  tunnel,  the  ingenious  approach  of  Ref.  7  would  be 
very  attractive  in  applications  where  it  was  required  to  compare  closely  equal  forces  with  very 
high  precision. 

At  the  present  time  most  wind  tunnels  use  regulated  DC  excitation  of  the  strain  gauge 
bridges  on  balances  and  measure  the  outputs  with  the  aid  of  high  input  impedance  DC  ampli¬ 
fiers  [Ref.  8j.  This  arrangement  is  simple  and  has  adequate  performance  for  the  majority  of 
applications.  However  in  circumstances  where  the  balance  electrical  output  is  unusually  small, 
the  limitations  of  DC  amplifier  performance  can  severely  restrict  the  precision  of  measurement. 

In  this  report  a  simple  AC  excited  self-balancing  electronic  system  for  use  with  strain  gauge 
transducers  is  described.  A  specific  embodiment  of  this  system,  optimised  for  use  with  low 
output  wind  tunnel  balances,  is  described  in  detail,  but  general  design  data  to  permit  optimisation 
for  other  applications  is  included. 


2.  STATEMENT  OF  PROBLEM 

Six  component  balances  with  a  diameter  greater  than  about  30  mm.  suitable  for  mounting 
inside  a  wind  tunnel  model,  would  typically  use  strain  gauges  with  a  3-2  mm  square  grid  and 
a  resistance  of  350  12  or  higher.  Reference  9  suggests  that  for  high  accuracy  static  strain  measure¬ 
ments  where  the  balance  structure  provides  a  good  heatsink,  the  power  dissipated  in  the  gauge 
should  not  exceed  0  0031  W/mm2,  For  a  3-2  mm  square,  350  12  gauge  this  infers  a  maximum 
gauge  supply  of  3-3  V  or  a  full  bridge  supply  of  6-6  V.  Balances  of  the  above  type  are  usually 
designed  with  output  strain  levels  of  about  1000  fim/m.  The  maximum  bridge  output  is  given 
by  the  product  of  the  strain,  the  gauge  factor  and  the  bridge  supply  voltage.  For  the  commonly 
used  constantan  gauges  the  gauge  factor  is  approximately  2  0  and  the  maximum  bridge  ouput 
about  13  mV.  To  obtain  a  measurement  precision  of  If)  the  output  electronics  will  have  to 
reliably  resolve  I3//V.  This  is  within  the  capabilities  of  DC  systems  of  the  type  used  in  wind 
tunnels  [Ref.  3].  If  a  precision  of  10  4  was  required  an  output  resolution  of  I  3  /tV  would  be 
required  and  although  this  could  be  achieved  easily  by  DC  systems  under  laboratory  conditions 
it  is  doubtful  if  it  could  be  maintained  in  a  working  tunnel  environment.  Gauges  with  grid  resis¬ 
tances  of  I  k  12  and  to  a  lesser  extent  5  k  12  are  available.  The  use  of  these  gauges  would  permit 
an  increase  in  the  supply  voltage  by  factors  of  I  7  and  3  •  8  for  I  k  12  and  5  k  12  gauges  respectively, 
with  a  direct  effect  on  the  output  resolution  problem. 

Strain  gauge  balances  mounted  external  to  the  tunnel  test  section  are  not  subject  to  rigid 
si/e  contraints  and  can  utilise  much  larger  gauge  areas  with  resulting  higher  excitation  voltage 


I 


levels.  One  commercial  load  cell  manufacturer  products  single  component  force  balances  with 
a  recommended  maximum  excitation  of  100  V. 

Very  small  strain  gauge  balances  for  use  in  model  stores  (bombs,  missiles  etc.)  and  balances 
for  measuring  control  surface  loads  pose  a  number  of  special  problems.  Due  to  their  small  size 
they  require  gauges  of  small  dimensions  and  a  grid  size  of  0-8  mm  square  is  quite  common 
and  0-4  mm  square  grids  have  been  used.  In  these  small  grid  sizes  it  is  difficult  to  manufacture 
high  resistance  gauges  and  a  resistance  of  120  U  is  most  common.  Many  small  balances  are 
required  to  resolve  small  forces  and  therefore  tend  to  be  very  fragile.  To  facilitate  manufacture 
and  handling  it  is  often  necessary  to  reduce  the  design  output  strain  from  around  1000  ^m  m 
to  around  200  ^m/m.  The  current  state  of  the  art  in  small  six  component  store  balances  is  about 
8  0  mm  to  10  0  mm  diameter  with  a  normal  force  capacity  of  100  N  and  an  axial  force  capacity 
of  10  N.  Considering  a  typical  small  balance  with  0-8  mm  square,  120  ii  gauges  and  with  the 
maximum  power  dissipation  of  0  0031  W/'mm!  used  previously,  a  permissible  bridge  excitation 
of  about  I  0  V  is  obtained.  For  a  maximum  strain  of  200  //m  m  the  output  will  be  400 /iV. 
To  obtain  precisions  of  10  '  and  10  4.  output  voltages  of  400  nV  and  40  nV  respectively  would 
have  to  be  measured.  These  voltages  are  beyond  the  capability  of  any  current  DC  amplifier 
system  suitable  for  use  in  a  wind  tunnel  environment. 

To  summarise:  for  strain  gauge  balances  mounted  external  to  the  tunnel  test  section  and 
lor  the  larger  (^30  mm  diameter)  balances  mounted  inside  models,  measuring  systems  based 
on  DC  bridge  excitation  and  DC  amplifiers  provide  adequate  performance  with  simplicity  and 
relatively  low  cost.  For  small  balances  of  the  type  used  for  store  and  control  surface  load  measure¬ 
ment  the  output  voltage  available  is  often  reduced  to  the  extent  that  a  DC  amplifier  system  limits 
the  achievable  measurement  accuracy. 


3.  DESCRIPTION  OF  CONCEPT 

The  concept  of  a  new  type  of  high  performance  AC  excited  strain  gauge  balance  readout 
system  was  described  in  Reference  6.  This  concept  forms  the  basis  of  the  improved  system 
described  here.  For  completeness  the  principle  of  operation  will  be  briefly  outlined. 

A  block  diagram  of  the  system  is  shown  in  Figure  I.  The  bridge  is  supplied  from  a  sinus¬ 
oidal  AC  source.  In  general  the  bridge  output  will  be  sinusoidal  with  a  frequency  equal  to  the 
excitation  supply  and  a  component  in  phase  with  the  supply  with  an  amplitude  proportional 
to  the  bridge  resistive  unbalance  and  a  component  in  quadrature  (90  phase  shift)  with  the  supply 
with  an  amplitude  proportional  to  the  bridge  reactive  unbalance.  The  bridge  output,  amplified 
by  .4,.  and  the  bridge  supply,  amplified  by  A2,  are  applied  to  the  phase  sensitive  demodulator 
D ,.  The  output  of  this  demodulator  is  a  DC  level  proportional  to  the  amplitude  of  the  com¬ 
ponent  of  the  bridge  output  in-phase  with  the  bridge  supply  and  second  and  higher  harmonics 
of  the  supply.  The  demodulator  output  is  applied  to  integrator  /,  which  attenuates  the  AC 
components  (providing  the  integrator  time  constant  is  sufficienty  large)  and  produces  a  change 
of  output  level  with  a  slew  rate  proportional  to  the  DC  input.  The  integrator  output  is  multi¬ 
plied  by  the  bridge  supply  reference  signal  in  Mv  The  output  voltage  from  M ,  forces  a  current 
through  the  rebalancing  resistor  into  the  bridge.  It  should  be  noted  that  the  bridge  supply  must 
be  referenced  to  the  same  ground  as  M ,  to  provide  a  return  path  for  the  rebalancing  current. 
The  sign  of  the  rebalancing  current  is  arranged  such  that  it  opposes  the  in-phase  component 
ol  the  bridge  output.  A  simple  analysis'1  shows  that  the  rebalancing  loop  is  stable  and  that  the 
final  approach  to  balance  is  exponential  with  a  time  constant  of: 


j  _  A7,R,{R  +  R,„) 
A-('„('«R  R,„ 

where 

/,  -  Integrator  time  constant 
R,  --  Rebalancing  resistance 
R  -  Strain  gauge  resistance 


(I) 


R,„  =  Error  amplifier  inpul  resistance 
A  =  Supply  amplitude 
D0  =  Gain  of  demodulator 
(/M  =  Gain  of  multiplier 


The  loop  formed  by  D2.  /,  and  A/,  is  identical  to  that  formed  by  D,.  Ii  and  A/,  except 
that  it  is  supplied  by  a  quadrature  reference  signal  generated  by  integrator  /,.  The  effect  of 
this  loop  is  to  null  the  bridge  reactive  unbalance. 

The  gain  of  the  system  will  be  derived  for  a  four  active  arm  bridge  with  initially  equal  arm 
resistances  and  equal  resistance  changes.  Similar  results  may  be  obtained  for  other  bridge  con¬ 
figurations.  from  figure  2  it  can  be  seen  that: 


1  Jb  =  E(R  +  f>R)2R 

(2) 

1  =  EjR  -  f>R) 

(3) 

1,  =  h  ~  /. 

(4) 

E  =  l,(R  -  f>R)  +  /,(/?  -f  6R) 

(5) 

If  (j  |  ^  1  DU  1 

(6) 

from  (4)  and  (5) 

/,  =  [E  +  /,(«  +  bR))/2R 

(7) 

from  (2)  and  (7) 

f,d  =  (ER  +  l,R2  -  E8R  -  /,f>R2)/2R 

(8) 

for  balanced  conditions  fbd  =0  fab  =  fad 

Equating  (2)  an  (8)  and  simplifying: 

1,  =  2 E&RHR2  -  &R2) 

(9) 

Assuming  the  bridge  supply  is  symmetrical  about  earth  potential,  fd  will  be  zero  for  a  balanced 
(5/f  =  0)  bridge.  When  the  bridge  is  disturbed  and  rebalanced  by  the  injection  of  current  /,: 

fd  =  E8RI2R 

(10) 

/,  =  ( i ,  —  i  d Rr 

(ID 

from  (6),  (9),  (10)  and  (II) 

I  4RR,bR  +  R:f>R  -  hR' 
=  (i,  2 /?'  RbR2 


If  bR  <|  R  equation  (12)  can  be  written: 


I 


I 

(>i 


»R 

R 


(12) 
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For  strain  levels  and  resistance  values  typical  of  wind  tunnel  balance  applications  the  difference 
between  equations  (12)  and  (13)  will  be  less  than  0-001",,.  Even  if  the  non-linearity  inherent 
l  in  equation  (12)  was  significant,  this  would  not  pose  a  problem  since  virtually  all  data  acquisition 

and  processing  systems  in  current  use  have  adequate  computing  power  to  apply  non  linear 
calibrations, 

'  The  major  advantage  of  this  system  is  that  the  performance  is  governed  entirely  by  high 

,  level  parts  of  the  circuit.  The  low  level  error  amplifier  does  not  have  any  critical  performance 

|  parameters.  It  can  be  seen  from  equation  (13)  that  the  system  gain  depends  only  on  the  rebal- 

i  ancing  multiplier  gain  and  resistances  R  and  Rt.  The  system  zero  stability  depends  on  the  DC 

output  drift  of  demodulator  /),.  the  drifts  of  integrator  /,  and  the  offset  drifts  of  one  of  the 
mputs  ol  multiplier  M ,  (Fig.  I).  The  performance  of  the  quadrature  rebalancing  loop  formed 
by  /2,  D,,  /,  and  .V/,  is  not  critical.  This  loop  is  included  to  ensure  a  consistent  state  of  quadra¬ 
ture  balance  since  experience  has  shown  a  small  interaction  between  quadrature  and  in-phase 
i  balance  exists.  presumably  due  to  small  phase  shifts  in  connecting  wiring  etc.  The  quadrature 

loop  also  removes  the  necessity  for  manual  preset  quadrature  balance  adjustments. 

It  should  be  noted  that  this  system  could  be  used  with  capacitive  or  inductive  bridges 
instead  of  resistive  bridges  simply  by  taking  the  output  from  /,  (Fig.  I).  A  device  based  on  a 
i  similar  concept  was  proposed  independently  by  the  Royal  Aircraft  Establishment  (Ref.  10], 

i  but  this  does  not  appear  to  have  been  widely  used. 


4.  DESIGN  OPTIMISATION 

4.1  Specification 

i  To  meet  the  requirements  of  measuring  the  outputs  from  small  force  balances  in  wind 

tunnels  the  following  desirable  performance  characteristics  were  identified: 

Bridge  excitation  supply  —  I  (IV  RMS  maximum 

Full  scale  output  —  l()V 

i 

Full  scale  input  strain  (4  active 
arm  bridge)  —  •  2(X)/im  m 

Resolution  and  accuracy  over 
I  hour  period  with  0-7  H/ 
two  pole  output  filter  —  10  4  of  full  scale 

Maximum  input  frequency  —  50  H/. 

Desirable  attributes  are  simplicity,  low  cost  and  the  absence  of  initial  set-up  adjustments. 

4.2  Bridge  excitation  frequency 

f  rom  considerations  of  information  content  it  is  necessary  that  the  excitation  frequency  is 
at  least  double  the  maximum  input  frequency  that  is  to  be  followed.  An  excitation  frequency 
of  ten  times  the  maximum  input  frequency  is  a  more  practical  minimum  for  a  system  of  this 
type  [Ref.  1 1 ).  Since  second  and  higher  harmonics  of  the  excitation  frequency  exist  on  the  output 
of  integrator  /..  increasing  the  frequency  eases  the  problem  of  arranging  the  output  filter  to 
adequately  attenuate  the  excitation  harmonics  without  restricting  the  system  response. 

The  choice  of  excitation  frequency  has  a  direct  impact  on  the  signal  to  noise  ratio  achievable 
from  the  input  amplifier.  All  amplifiers,  and  indeed  most  physical  systems,  have  a  noise  level 
which  increases  at  low  frequencies  due  to  so  called  I  /  or  flicker  noise.  Noise  voltage  curves 
for  some  typical  integrated  circuit  amplifiers  are  presented  in  Figure  3.  It  is  obviously  desirable 
that  the  signal  to  be  amplified  is  in  the  high  frequency,  constant  noise  voltage  region  Input 
current  noise  has  a  verv  similar  characteristic. 

I 

I 
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Excessively  high  excitation  frequencies  will  result  in  large  phase  shifts  in  the  interconnecting 
wiring  leading  to  the  possibility  of  changes  in  quadrature  balance  producing  significant  outputs 
from  the  in-phase  loop. 

For  the  current  application  a  frequency  of  I  kHz  was  selected. 

4.3  Error  Amplifier 

The  requirements  of  the  input  amplifier  are: 

(a)  Minimum  noise  in  a  bandwidth  equal  to  double  the  maximum  response  frequency, 
centred  on  the  excitation  frequency  i.e.  0-95  kHz  to  I  05  kHz  for  a  50  Hz  frequency 
range  and  a  I  kHz  excitation  frequency. 

(b)  Sufficient  gain  to  raise  the  desired  minimum  resolvable  bridge  output  voltage  to  a  level 
greater  than  the  noise  level  of  the  demodulator  and  integrator.  Excessive  gain  makes 
the  amplifier  liable  to  overloading  with  excitation  harmonics  which  cannot  be  nulled. 

U  )  Sufficiently  narrow  bandwidth  to  prevent  overloading  from  electrical  noise  (e.g.  mains 
supply  frequency)  and  DC  drifts.  Excessive  bandwidth  reduction  is  neither  necessary 
nor  desirable  since  it  introduces  a  lag  in  the  system  response  which  destabilises  the 
rebalancing  loop.  A  narrow  bandwidth  would  also  introduce  undesirable  phase  shifts 
with  small  drifts  in  the  excitation  frequency. 

{d)  Reasonably  low  DC  offset  at  output  to  minimise  fundamental  excitation  frequency 
output  from  synchronous  demodulator. 

(e)  Low  phase  shift  at  excitation  frequency. 

For  a  low  source  impedance  like  a  strain  gauge  bridge  the  amplifier  voltage  noise  will 
dominate  over  the  current  noise.  In  these  circumstances  a  transformer  before  the  first  active 
gain  stage  would  have  obvious  noise  advantages.  However  since  the  voltage  noise  of  readily 
available  integrated  circuit  audio  amplifiers  ( ~  5  nV/y  Hz  at  I  kHz)  is  of  the  same  order  as 
the  thermal  noise  of  the  bridge  (2-4  nV/  y  Hz  for  a  350  12  bridge  at  300  K)  the  extra  complexity 
is  not  considered  worthwhile  in  this  application. 

The  final  amplifier  design  is  shown  in  Figure  4.  The  input  stage  uses  a  parallel  pair  of  low 
cost  audio  amplifiers  with  their  output  summed  to  give  ay  2  gain  in  signal  to  noise  ratio.  The 
overall  voltage  gain  is  4-3  •  I04  and  the  — 3  db  bandwidth  about  200  Hz  to  15  kHz.  The 
passive  filters  formed  by  R  and  C’  at  the  amplifier  input  were  found  to  greatly  improve  the  rejec¬ 
tion  of  sharp  spikes  caused  by  switching  nearby  electrical  equipment.  The  unity  gain  output 
amplifier  was  used  to  minimise  the  DC  offset.  The  shorted  input,  output  noise  of  the  amplifier 
was  approximately  100  mV  peak  to  peak. 

To  meet  the  specification  of  Section  41  the  input  voltage  resolution  must  be  better  than 
40  nV  RMS  which  is  equivalent  to  an  output  voltage  of  around  2  mV  RMS.  This  figure  is 
important  in  determining  the  performance  requirements  of  following  stages  of  the  circuit.  The 
fact  that  the  desired  resolvable  signal  level  is  deeply  buried  in  the  amplifier  noise  is  not  a  problem 
since  it  is  readily  recovered  by  the  demodulator  and  integrator. 

4.4  Reference  Amplifiers 

The  bridge  supply  must  be  amplified  to  a  level  suited  to  the  remainder  of  the  circuit  and 
referenced  to  the  system  ground.  From  considerations  of  the  multiplier  specifications  a  voltage 
swing  of  about  •  10  V  peak  to  peak  was  chosen.  The  circuit  adopted  is  shown  in  Figure  5.  The 
quadrature  reference  was  generated  by  an  integrator  with  /?,  T,  =  I  /{2  ■  it  ■  Excitation  frequ¬ 
ency).  The  resistors  R2  and  R,.  which  should  be  as  large  as  practical,  are  required  for  DC 
stability.  The  two  AC  coupled  unity  gain  amplifiers  on  the  in-phase  and  quadrature  reference 
outputs  were  used  to  minimise  the  DC  offsets.  This  is  not  a  critical  consideration  since  the  only 
detrimental  effect  of  offsets  would  be  to  non-productivcly  use  some  of  the  available  multiplier 
voltage  swing  and  inject  a  small  D(  component  back  into  the  bridge. 


Any  departure  from  zero  and  90  degree  phase  shift  between  the  bridge  excitation  and  the 
in-phase  and  quadrature  reference  signals  respectively  will  result  in  an  interaction  between 
the  in-phase  and  quadrature  rebalancing  loops.  For  the  proposed  application  the  reactive 
unbalance  of  the  bridge  and  connecting  wiring  will  be  very  nearly  constant  and  interactions 
between  loops  will  have  no  efTed  on  the  system  accuracy.  For  this  reason  no  extreme  measures 
to  minimise  phase  shifts  were  used.  In  an  application  where  the  resistive  and  reactive  bridge 
unbalances  varied  significantly  in  an  uncoupled  manner  (the  author  is  unable  to  envisage  any 
such  situation  of  practical  importance)  care  in  minimising  extraneous  phase  shifts  in  all  parts 
of  the  circuit  would  be  necessary. 


4.5  Demodulator 

The  demodulator  works  primarily  as  a  phase  sensitive  null  detector.  As  such  the  only 
significant  performance  parameter  is  DC  output  drift.  Linearity,  gain  stability  and  noise  are 
unimportant.  In  these  circumstances  a  simple  switching  demodulator  has  significant  advantages. 
The  LM  311  comparator  provides  the  drive  signal  for  the  AD  7513  CMOS  switch  array  which 
cyclically  connects  the  error  amplifier  to  the  inverting  and  non  inverting  inputs  of  the  LM  308 
unity  gain  differential  amplifier. 

The  output  offset  drift  of  this  arrangement  is  simply  the  sum  of  the  amplifier  offset  voltage 
drift,  the  amplifier  input  offset  current  drift  flowing  in  the  input  resistors  and  noise  rectification 
due  to  variations  of  the  "on”  resistance  drifts  of  the  individual  CMOS  switches.  The  worst 
case  amplifier  drift  specifications  lead  to  an  output  drift  of  I5/<V  C.  The  contribution  of  the 
switches  can  be  estimated  from  the  following  considerations.  The  "on"  resistance  of  the  switches 
is  about  100  U  and  this  appears  effectively  in  series  with  the  43  kii  input  resistors.  It  the  resist¬ 
ance  of  the  switches  all  change  together  (as  they  do  with  temperature  changes)  the  demodu¬ 
lator  gain  will  change  but  no  output  drifts  in  its  null  sensing  mode  will  result.  The  AD  7512 
specifications  indicate  that  the  drift  in  the  match  of  the  "on"  resistances  of  the  switches  on  one 
chip  is  less  than  0  01  "J  C.  The  total  amplifier  input  resistance  (43  k  12  plus  switch  resistance) 
match  can  therefore  drift  by  0  000023 C.  This  will  be  reflected  directly  in  a  drift  in  the  match 
of  the  inverting  and  non-invertin  gain. 

Considering  the  highly  unlikely  worst  case  of  I  V  DC  at  the  error  amplifier  output,  this 
drift  will  produce  an  output  change  from  the  demodulator  of  230  nV.  The  temperature  drifts 
in  the  output  are  therefore  dominated  by  the  amplifier  and  have  a  magnitude  (i  15  // V/  C) 
which  is  negligible  compared  with  the  desired  resolution  limit  error  amplifier  output  (  -  2  mV). 


4.6  Integrator 

The  integrator  has  the  function  of  slewing  the  rebalancing  voltage  to  null  the  bridge  un¬ 
balance.  It  has  the  secondary  function  of  attenuating  the  AC  component  of  the  demodulator 
output.  If  this  attenuation  is  inadequate  the  resulting  harmonics  on  the  rebalancing  current 
will  produce  components  on  the  bridge  output  which  the  system  can  not  null  and  may.  for 
small  rebalancing  resistor  values,  overload  the  error  amplifier. 

From  the  specification  of  Section  41  the  maximum  output  frequency  is  50  Hz.  For  a 
10  Volt  output  swing  the  maximum  output  voltage  rate  of  change  is  3l40V/sec.  To  allow 
some  overload  margin  it  would  be  desirable  if  this  could  be  achieved  without  exceeding  an 
error  amplifier  output  of  8  V  RMS.  Since  the  demodulator  has  unity  gain  this  is  equivalent 
to  an  input  to  the  integrator  with  a  DC  level  of  8  Volt.  Since  for  an  integrator  RC  =  I  ,„.dl 
the  RC  used  in  this  case  should  not  exceed  8/3140  —  0-0025.  Values  of  R  and  C  of  10  k i >  and 
0-22  ft/-  respectively  were  chosen,  giving  an  RC  of  0-0022.  For  attenuation  of  supply  harmonics 
RC  should  be  much  larger  than  1/(2  n  Excitation  frequency)  which  for  this  case  is  equal 
to  0  -00016. 

The  only  integrator  performance  parameter  which  affects  the  system  accuracy  is  the  input 
offset  drift  which  for  the  arrangement  shown  in  Figure  7  has  a  worst  ease  value  ol  I5//V  (_'. 
This  should  not  have  a  significant  effect  on  the  system  performance. 
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4.7  Rebalancing  Multiplier 

The  rebalancing  multiplier  is  the  component  with  the  major  impact  on  the  system  perfor¬ 
mance.  The  system  gain  is  directly  proportional  to  the  multiplier  gain  (Equation  13,  Section  3) 
and  the  system  linearity  is  dominated  by  the  multiplier  integrator  input  (i.e.  the  multiplier  input 
that  comes  from  the  integrator)  linearity.  Any  DC  offset  drifts  of  the  integrator  input  will  appear 
directly  as  an  instrument  zero  drift. 

Non  linearities  of  the  reference  input  will  produce  harmonic  distortion  of  the  rebalancing 
signal  which  will  have  no  impact  on  the  system  performance  provided  it  is  not  so  large  as  to 
overload  the  error  amplifier.  Similarly  offset  drifts  of  the  reference  input  will  have  no  significant 
effect. 

The  multiplier  selected  was  the  AD  534  (Fig.  7)  with  the  selected  "L”  suffix  type  in  the 
in-phase  loop  and  the  lower  specification,  and  lower  cost,  "J"  type  in  the  quadrature  loop. 
One  input  of  these  multipliers  has  an  order  of  magnitude  better  linearity  than  the  other.  The 
high  quality  input  was  used  for  the  integrator  input.  The  multiplier  gain  was  0- 1  i.e.  l/oul  =  Vx 
in  x  Vy  in  ■  01.  Brief  specifications  of  the  “L"  type  multiplier  are:  gain  drift  x0-005°o/'C, 
X  input  linearily  -0  1  Y  input  linearity  ±0-005  input  offset  voltage  drift  50/xV/  C, 
small  signal  band  width  1  0  MHz.  All  of  these  specifications  are  consistent  with  achieving  the 
design  performance  without  the  need  for  special  environmental  conditions.  The  input  offset 
drift  would  appear  to  be  the  dominant  source  of  zero  drift  in  the  system. 


4.8  Excitation  Supply 

The  bridge  excitation  supply  has  no  critical  performance  parameters  but.  since  they  can  be 
relatively  simply  achieved,  the  following  specifications  were  adopted:  frequency  1000  Hz  ± 
50  Hz,  amplitude  1  0  V.  RMS  ±  100  mV  and  harmonic  distortion  <  1  °„.  The  major  functional 
requirements  are  that  the  supply  should  be  symmetrical  around  the  system  ground  and  have 
a  low  resistance  to  ground.  A  supply  suitable  for  up  to  12,  120  U  bridges  is  shown  in  Figure  8. 
In  any  single  experimental  facility  all  channels  of  this  equipment  should  use  the  same  excitation 
supply,  or  if  multiple  suppliers  are  needed,  they  should  be  synchronised  to  avoid  low  frequency 
beating. 


4.9  Offset  Nulling  Network 

A  satisfactory  offset  nulling  arrangement  is  shown  in  Figure  9.  For  120  U  gauges  it  has 
sufficient  authority  to  balance  a  bridge  constructed  from  unselected,  ±0-5°.o  initial  resistance, 
gauges.  An  offset  change  equivalent  to  a  1000  (xm/m  strain  level  results  in  a  sensitivity  change 
of  less  than  0  01  °„  with  no  other  effects  on  the  system  calibration  [Ref.  12],  If  different  resistor 
arrangements  or  higher  value  potentiometers  are  used,  unacceptable  changes  in  calibration 
with  changes  in  zero  offset  can  result. 


4.10  Bridge  Connections 

The  optimum  arrangement  for  connecting  a  bridge  to  the  equipment  is  shown  in  Figure  9. 
The  effects  of  variations  in  the  resistance  of  the  seven  connecting  leads  is  a  follows: 

(a)  Error  amplifier  (6  and  7),  no  effect. 

( b )  Excitation  supply  (I  and  3),  no  effect. 

(r )  Rebalancing  line  (5),  sensitivity  varies  inversely  with  sum  of  rebalancing  resistance  and 
resistance  of  wire  5. 

id)  Reference  amplifier  (6  and  7),  sensitivity  varies  inversely  with  sum  of  reference  amplifier 
input  resistance  and  resistance  of  wires  6  and  7. 
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The  effect  of  the  resistance  of  the  rebalancing  line  could  he  removed  entirely  if  a  precision 
current  pump  was  substituted  for  the  rebalancing  resistor.  The  effect  of  the  reference  amplifier 
leads  could  be  reduced  by  increasing  the  amplifier  input  impedance. 

A  full  analysis  of  the  effect  of  lead  resistance  if  a  basic  four  wire  connection  is  used,  is  far 
from  simple.  However  to  a  first  order  approximation  the  sensitivity  will  be  inversely  proportional 
to  the  sum  of  the  gauge  resistance  and  three  times  an  individual  lead  resistance.  This  is  more 
than  two  orders  of  magnitude  more  sensitive  to  lead  resistance  than  the  seven  wire  configuration. 

4.11  Output  Filter 

A  significant  ripple  will  exist  on  the  integrator  output  and  a  suitable  low  pass  filter  will  be 
required  prior  to  analogue  to  digital  conversion.  A  multi-pole  filter  will  probably  be  required 
and  care  should  be  taken  with  the  design  to  ensure  that  it  does  not  degrade  the  system  per¬ 
formance. 


5.  PERFORMANCE  MEASUREMENTS 

Twenty  channels  of  the  equipment  described  here  have  been  constructed  for  use  in  the 
ARL  low  speed  and  transonic  wind  tunnels  (Fig.  10).  Tests  have  shown  very  little  variation  in 
performance  and  the  following  figures  are  based  on  extensive  tests  on  one  channel  (the  first 
completed)  with  random  checks  of  the  remaining  devices. 

A  quadrature  rebalancing  resistance  of  6S0  kti  was  used  for  all  tests.  This  gave  the  quadra¬ 
ture  loop  sufficient  authority  to  balance  the  reactive  unbalance  caused  by  paralleling  one  120  12 
bridge  arm  with  a  3200  pF  capacitor.  Unless  otherwise  stated,  a  430  k<2  in-phase  rebalancing 
resistor  was  used  giving  an  input  A R  R  of  0-0006  t  •  300  /on  in  strain  for  a  gauge  factor  =  2) 
for  a  full  -  10  Volt  output  swing  The  design  maximum  input  strain  was  200 /tm  m  hut  the 
lower  sensitivity  was  selected  to  allow  some  headroom  for  unsteady  inputs  before  the  output 
filter.  An  overload  detector  was  also  provided  prior  to  the  output  filter. 

For  performance  measurements  a  specially  constructed  very  stable  bridge  of  120  12  gauges 
bonded  onto  a  large  steel  block  was  used  Unbalance  was  produced  with  a  precision  resistor 
network  [Ref.  6j.  To  provide  data  on  the  required  specifications  for  the  1?  Voli  power  supplies 
and  the  excitation  frequency  and  amplitude,  the  effect  of  varying  these  parameters  was  investig¬ 
ated.  The  results  presented  below  are  expressed  in  terms  of  bridge  output  volts  assuming  a 
non-nulling  system  was  used.  1  h is  form  ol  specification  was  selected  to  facilitate  comparisons 
with  the  more  usual  DC  amplifiers.  For  reference  the  full  scale  (300  ((m  m  strain)  bridge  output 
with  I  volt  excitation  would  be  600  fi\ 

Measured  performance 

Linearity  better  than  0-01 

Zero  drift 
ten  with  time 
tin  with  temperature 
(<■)  with  I  5  V  supplies 
(  14  V  to  VI 6) 

(i/l  with  excitation  frequency 
<900  H/  to  I  I  k  FI/) 

(<•)  with  excitation  voltage 

(0  5  V  RMS  to  I  -0  V  RMS) 

Sensitivity  drift 

ta)  with  time  not  measurable  over  I  month 

(h)  with  temperature  0  003",,  U 

(<  )  with  15  V  supplies  002",,  Volt 

(  14  V  to  16  V ) 

S 


il  l  /< V  in  24  hours 
6  nV  C 

not  measurable 
I  nV  H/ 
not  measurable 


(d)  with  excitation  frequency  not  measurable 
(900  Hz  to  I  I  kHz) 

(«')  with  excitation  voltage  not  measurable 

(0  5  V  RMS  to  I  V  RMS) 

Noise 

(«)  before  output  filter  0 ■  2  /iV  RMS  predominantly 

2  kHz  ripple. 

(h)  after  0  7  Hz  2  pole  filter  4  nV  RMS  (See  Fig.  II) 

It  is  believed  that  the  zero  drift  with  time  recorded  above  was  dominated  by  drifts  in  the 
reference  bridge  rather  than  in  the  readout  equipment.  This  conclusion  was  reached  from  tests 
where  the  error  amplifier  gain  was  switched  between  5  •  I04  and  5  ■  KF.  Over  a  period  of 
hours  the  difference  in  zero  readings  for  the  two  gain  settings  drifted  by  less  than  5"„  of  the 
amount  that  the  two  zeros  drifted.  This  behaviour  is  consistent  with  a  reai  input  change  rather 
than  an  instrument  drift. 

As  predicted  the  system  noise  level  appears  to  be  dominated  by  the  input  amplifier  and 
there  is  good  correlation  between  the  amplifier  specifications  and  the  measured  system  per¬ 
formance. 


6.  LIMITATIONS  AND  PRECAUTIONS 

For  a  bridge  with  unequal  initial  arm  resistances  the  present  system  should  always  be 
connected  to  the  bridge  in  exactly  the  same  way.  With  the  familiar  DC  amplifier  system,  the 
amplifier  connections  can  be  reversed  with  a  change  in  sign,  but  no  change  in  magnitude,  of 
the  sensitivity.  With  the  present  system  such  a  connection  reversal  would  produce  a  small  but 
significant  sensitivity  change.  This  is  due  to  the  basically  asymmetric  nature  of  the  device  with 
the  rebalancing  signal  being  injected  into  one  corner  of  the  bridge. 

Many  load  cells  incorporate  a  small  positive  temperature  coefficient  resistance  in  one  of 
the  bridge  supply  wires  to  compensate  for  changes  in  material  modulus,  and  hence  cell  cali¬ 
bration,  with  temperature  (Ref.  13],  With  the  present  system  this  type  of  modulus  compensation 
will  introduce  a  false  zero  shift  with  temperature  and  should  therefore  not  be  used.  The  problem 
can  be  overcome  by  splitting  the  required  modulus  compensation  resistance  equally  between 
the  two  bridge  supply  wires. 

The  system  described  here  is  inherently  best  suited  to  low  output  transducers  with  high 
ratios  of  rebalancing  resistance  to  bridge  resistance.  For  low  sensitivity  settings  the  system 
linearity  is  degraded  and  the  injection  of  non-nullable  harmonics  into  the  bridge  becomes  a 
problem.  For  high  output  transducers  (A R/R  >  0  005)  a  high  input  impedance  amplifier  would 
probably  be  more  appropriate. 


7.  CONCLUSION 

The  prototype  instrument  easily  exceeded  its  design  specification  of  an  accuracy  of  10~4 
for  measuring  the  output  of  a  120  U  bridge  of  foil  gauges  at  a  strain  level  of  200/tm/m  with 
a  I  0  V  excitation.  There  are  indications  that  by  altering  the  error  and  reference  amplifier  gains 
the  10  4  accuracy  could  be  maintained  with  0- 1  V  bridge  excitation.  This  would  allow  precision 
strain  gauge  force  measurements  to  be  made  with  0-4  mm  gauges  under  very  poor  heatsink 
conditions. 

The  performance  of  the  instrument  described  is  limited  primarily  by  the  noise  of  the  input 
error  amplifier.  The  potential  performance  improvement  available  with  improved  amplifier 
designs  is  around  a  factor  of  5.  At  that  stage  the  thermal  noise  of  the  bridge  resistors  produces 
a  fundamental  performance  limitation. 
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FIG.  1  BLOCK  DIAGRAM  OF  SYSTEM 


G.  2  REBALANCING  PROCESS 
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FIG.  6  PHASE  SENSITIVE  DEMODULATOR  CIRCUIT 


FIG.  7  INTEGRATOR  AND  REBALANCING  MULTIPLIER  CIRCUIT 
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G.  9  BRIDGE  CONNECTIONS  AND  ZERO  OFFSET  NETWORK 


DISTRIBUTION 


AUSTRALIA 

DEPARTMENT  OF  DEFENCE 

Defence  Central 

Chief  Defence  Scientist 

Deputy  Chief  Defence  Scientist  (shared  copy) 

Superintendent,  Science  and  Program  Administration  (shared  copy) 
Controller,  External  Relations.  Projects  and  Analytical  Studies  (shared  copy) 
Counsellor  Defence  Science  (London)  (Doc.  Data  sheet  only) 

Counsellor  Defence  Science  (Washington)  (Doc.  Data  sheet  only) 

Defence  Science  Representative  (Bangkok) 

Defence  Central  Library 

Document  Exchange  Centre.  DISB  (18  copies) 

Joint  Intelligence  Organisation 

Librarian  H.  Block.  Victoria  Barracks.  Melbourne 

Director  General— Army  Development  (NSO)  (4  copies) 

Aeronautical  Research  Laboratories 

Director 

Library 

Superintendent  -Aerodynamics 
Divisional  File  -  Aerodynamics 
Author:  N.  Pollock 
A.  Goldman 
C.  W.  Sutton 

Materials  Research  Laboratories 

Director/Library 

Defence  Research  Centre 
Library 

Weapons  Systems  Research  Laboratory 

ERA  Landers,  Aerobailistics  Division 

RAN  Research  Laboratory 

Library 

Navy  Office 

Navy  Scientific  Adviser 
Aircraft  Maintenance  and  Flight  Trials  Unit 
Director  of  Naval  Aircraft  Engineering 
Superintendent.  Aircraft  Maintenance  and  Repair 
Director  of  Naval  Ship  Design 


Army  Office 

Scientific  Adviser  Army 

Engineering  Development  Establishment,  Library 
Royal  Military  College  Library 

US  Army  Research.  Development  and  Standardisation  Group 

Air  Force  Office 

Air  Force  Scientific  Adviser 
Aircraft  Research  and  Development  Unit 
Scientific  Flight  Group 
Library 

Technical  Division  Library 

Director  General  Aircraft  Engineering — Air  Force 
HQ  Support  Command  [SLENGO] 

RAAF  College.  Point  C  ook 

Government  Aircraft  Factories 

Manager 

Library 

DEPARTMENT  OF  AVIATION 

Library 

Statutory  and  State  Authorities  and  Industry 

Australian  Atomic  Energy  Commission.  Director 
Australian  Airlines.  Library 
Qantas  Airways  Limited 

Gas  and  Fuel  Corporation  of  Vic..  Manager  Scientific  Services 

SEC  of  Vic..  Herman  Research  Laboratory.  Library 

Ansett  Airlines  of  Australia.  Library 

BHP.  Melbourne  Research  Laboratories 

Hawker  de  Havilland  Atist.  Pty  Ltd.  Victoria.  Library 

Hawker  de  Havilland  Ausi.  Pty  Ltd.  Bankstown.  Library 

Universities  and  Colleges 

Adelaide 

Barr  Smith  Library 
Fliders 
Library 
La  Trobe 
Library 
Melbourne 
Engineering  Library 
Monash 

Hargrave  Library 
Newcastle 
Library 
New  England 
Library 
Sydney- 

Engineering  Library 
NSW 

Physical  Sciences  Library 

Library.  Australian  Defence  Force  Academy 


Queensland 

Library 

Tasmania 

Engineering  Library 
Western  Australia 
Library 
RMIT 
Library 

CANADA 

NRC 

Aeronautical  and  Mechanical  Engineering  Library 

Universities  and  Colleges 
Toronto 

Institute  lor  Aerospace  Studies 
CZECHOSLOVAKIA 

Aeronautical  Research  and  Test  Institute  (Prague),  Head 

FRANCE 

ONERA.  Library 

INDIA 

Defence  Ministry,  Aero  Development  Establishment,  Library 
Gas  Turbine  Research  Establishment,  Director 
Hindustan  Aeronautics  Ltd,  Library 
National  Aeronautical  Laboratory,  Information  Centre 

ISRAEL 

Technion-lsrael  Institute  of  Technology 
Library 

JAPAN 

National  Aerospace  Laboratory 

Institute  of  Space  and  Astronautical  Science,  Library 

NETHERLANDS 

National  Aerospace  Laboratory  [NLR],  Library 
NEW  ZEALAND 

Defence  Scientific  Establishment,  Library 

Universities 

Canterbury 

Library 

SWEDEN 

Aeronautical  Research  Institute.  Library 

SWITZERLAND 

F  +  W  (Swiss  Federal  Aircraft  Factory) 


UNITED  KINGDOM 


Ministry  of  Defence,  Research.  Materials  and  Collaboration 
CAARC,  Secretary 
Royal  Aircraft  Establishment 
Bedford.  Library 
Karnborough.  Library 
National  Physical  Laboratory,  Library 
National  Engineering  Laboratory.  Library 
British  Library.  Document  Supply  Centre 
Aircraft  Research  Association.  Library 
Fulmer  Research  Institute  Ltd.  Research  Director 
Motor  Industry  Research  Association,  Director 
Rolls-Royce  Ltd.  Aero  Division  Bristol.  Library 
British  Aerospace 

Kingston-upon-Thames.  Library 
Hattield-Chester  Division.  Library 
British  Hovercraft  Corporation  Ltd.  Library 
Short  Brothers  Ltd.  Technical  Library 

Universities  and  Colleges 
Bristol 

Engineering  Library 
Cambridge 

Library,  Engineering  Department 
Whittle  Library 
London 

Professor  G.  J.  Hancock.  Aero  Engineering 
Manchester 

Professor  N.  Johannesen,  Fluid  Mechanics 
Nottingham 
Science  Library 
Southampton 
Library 
Liverpool 

Fluid  Mechanics  Division.  Dr  J.  C.  Gibbings 
Strathclyde 
Library 

Cranfield  Inst,  of  Technology 
Library 

Imperial  College 
Aeronautics  Library 

UNITED  STATES  OF  AMERIC  A 

NASA  Scientific  and  Technical  Information  Facility 
United  Technologies  Corporation.  Library 
Lockheed-California  Company 
Lockheed  Missiles  and  Space  Company 
Lockheed  Georgia 

McDonnell  Aircraft  Company.  Library 

Universities  and  Colleges 

Chicago 

John  Crerar  Library 
Florida 

Aero  Engineering  Department 


Professor  D.  C.  Drucker 
Johns  Hopkins 

Professor  S.  Corrsin,  Engineering 
Iowa  State 

Dr  G.  K.  Serovy,  Mechanical  Engineering 
Iowa 

Professor  R.  I.  Stephens 
Princeton 

Professor  G.  L.  Mellor,  Mechanics 
Massachusetts  Inst,  of  Tech. 

MIT  Libraries 


Spares  (10  copies) 
Total  (146  Copies) 


Department  of  Dafoitca 

DOCUMENT  CONTROL  DATA 


A. 


1.  a  AR  No. 

A  R-004-494 

1 .  b.  Establishment  No. 

ARL-AERO-R-1 70 

2.  Document  Date 
August  1986 

3.  Task  No. 

82/022 

4.  Title 

AN  IMPROVED  STRAIN  GAUGE 
TRANSDUCER  AMPLIFIER  FOR  WIND 
TUNNEL  USE 

5.  Security 

a.  document 

Unclassified 

b.  title  c.  abstract 

U.  U. 

6.  No.  Pages 

12 

7.  No.  Refs 

13 

8.  Author(s) 

N.  Pollock 

9.  Downgrading  Instructions 

10.  Corporate  Author  and  Address 

Aeronautical  Research  Laboratories, 

P.O.  Box  4331,  Melbourne,  Victoria,  3001 

1 1 .  Authority  (as  appropriate) 

a.  Sponsor  c.  Downgrading 

b.  Security  d.  Approval 

12.  Secondary  Distribution  (of  this  document) 
Approved  for  public  release 


Overseas  enquirers  outside  stated  limitations  should  be  referred  through  ASDIS.  Defence  Information  Services 
Branch.  Department  of  Defence.  Campbell  Park.  CANBERRA,  ACT,  2601. 

13.  a.  This  document  may  be  ANNOUNCED  in  catalogues  and  awareness  services  available  to  .  .  . 

No  limitations 


13.  b  Citation  for  other  purposes  (i.e.  casual  announcement)  may  be  ( select )  unrestricted  (or)  as  for  13  a. 


Descriptors 

Strain  Measuring  Instruments^ 
Amplifiers,-. 

Wind  Tunnels ) 

Strain  Gages^ 

w  / _ 

15.  COSATI  Group 

1420 

01010 

Infract 

An  AC  excited  self-balancing  instrument  for  measuring  low  level  strain  gauge  transducer 
outputs  is  described.  The  design  of  a  specific  circuit  optimised  for  use  with  a  small  wind  tunnel 
force  balances  is  presented  with  sufficient  information  to  facilitate  circuit  optimisation  for  other 
applications. 

The  instrument  is  intended  for  applications  where  the  bridge  output  voltage  is  below  the 
level  that  can  be  conveniently  handled  by  conventional  DC  amplifier  systems.  Tests  on  a  proto¬ 
type  instrument  showed  an  input  noise  in  a  0- 1  Hz  to  0-7  Hz  bandwith  of  4  nV  RM S.  a  zero 
drift  of  less  than  0-  /  fiV  per  day  and  negligible  sensitivity  drifts.  , 
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